Without data from randomized trials, the long-term effects of fish consumption on coronary heart disease (CHD) need to be inferred from observational studies. We estimated CHD risk under different hypothetical interventions on fish consumption during mid-and later life in 2 prospective US cohorts of 25,797 men in the Health Professionals Follow-Up Study and 53,772 women in the Nurses' Health Study. Participants provided information on risk factors and disease every 2 years and on diet every 4 years. We adjusted for baseline and time-varying risk factors for CHD by using the parametric g-formula (where g stands for "generalized"). We observed 1,865 incident CHD cases among men (in 1990-2008) and 1,891 CHD cases among women (in 1986-2008). The risk ratios for CHD when comparing the risk if everyone had consumed at least 2 servings of fish per week with the risk if no one consumed fish during the follow-up periods were 1.03 (95% confidence interval: 0.90, 1.15) for men and 0.87 (95% confidence interval: 0.76, 0.98) for women. Our results suggest that increasing fish consumption to at least 2 servings per week in mid-or later life may lower CHD risk in women but not in men. Our analytical approach allowed us to explicitly specify hypothetical interventions and to assess the effectiveness of dietary changes in midlife.
In observational studies, fish consumption is associated with lower risk of death from coronary heart disease (CHD). The long-chain ω-3 polyunsaturated fatty acids (PUFAs) in fish may reduce cardiovascular risk through effects on vascular resistance, blood pressure, inflammation, and serum lipids (1) . In a meta-analysis (2) of 13 randomized trials involving high-risk individuals, fish oil supplements were associated with 9% lower CHD mortality (95% confidence interval (CI): 2, 15).
In the absence of randomized trials to estimate the longterm effects of fish intake on the primary prevention of CHD in the general population, these effects need to be inferred from observational studies. Fish consumption has been associated with a lower risk of CHD and CHD mortality in observational studies (3, 4) . However, associations in these studies may reflect the effects of lifelong dietary habits. A different question is the potential effect of altering fish consumption later in life (during middle age or later). To estimate the incidence of CHD, nonfatal CHD, and CHD mortality under several hypothetical interventions on fish consumption that start in midlife, we applied the parametric g-formula (5, 6), a generalization of standardization, to 2 prospective studies of US men and women. Unlike conventional statistical methods, the g-formula can naturally estimate the effect of longitudinal interventions while appropriately adjusting for measured time-varying confounders under the assumptions of no unmeasured confounding, no measurement error, and no model misspecification.
optometrists, osteopathic physicians, and podiatrists who were aged 40-75 years at the time of enrollment in 1986. We excluded men with CHD, stroke, diabetes, cancer, missing dietary information, or implausible energy intakes (<500 kcal or >3,500 kcal daily) reported in 1986-1990 and those with missing values for risk factors in [1986] [1987] [1988] [1989] [1990] . To adjust for baseline diet, we followed participants from the time of return of the second dietary questionnaire in 1990 until CHD diagnosis, death, censoring by first skipped questionnaire, or June 2008, whichever happened first.
The Nurses' Health Study is a prospective cohort that enrolled 121,701 US female registered nurses aged 30-55 years in 1976. We excluded women with CHD, diabetes, cancer, missing dietary information, or implausible energy intakes (<500 kcal or >3,500 kcal daily) reported in 1984-1986 and those with missing values for risk factors in [1982] [1983] [1984] [1985] [1986] . In the Nurses' Health Study, diet was first assessed in 1980, and the dietary questionnaire was expanded in 1984. We followed participants from the time of the return of the 1986 dietary questionnaire until CHD diagnosis, death, censoring by first skipped questionnaire, or December 2008, whichever happened first. Figure 1 shows the flowchart for selection of study participants. Institutional review boards of the Harvard School of Public Health and Brigham and Women's Hospital (both in Boston, Massachusetts) approved both studies.
Dietary assessment
Dietary information was collected with a 127-food item semiquantitative food frequency questionnaire that was first sent to participants in the Health Professionals Follow-Up Study in 1986, to participants in the Nurses' Health Study in 1984 and 1986, and to all participants every 4 years afterward. This previously validated questionnaire (7, 8) evaluates average consumption of specified portions from a list of foods during the previous year by using 9 response categories ranging from "never or less than once a month" to "6 or more per day."
Fish intake was defined as the sum of canned tuna; darkmeat fish, such as mackerel, salmon, sardines, bluefish, and swordfish; and other fish such as cod, haddock, and halibut. Starting in 1994, an additional question on the consumption of store-bought breaded fish, fish cakes, fish pieces, and fish sticks was added, and the consumption of this type of fish was added to the total fish intake. Red meat intake was estimated as the sum of processed meat, bacon, hot dog, hamburger, beef, pork, and salami consumption. Individuals with intake values of fish or meat higher than the respective 99th percentile were assigned this value.
Daily nutrient intakes were calculated by multiplying the frequency of consumption of each food by the nutrient content for the specified portion of each food by using values provided by the US Department of Agriculture (Washington, DC), manufacturers, published reports, and direct, yearspecific fatty acid analyses of processed vegetable fats. Nutrient intakes derived from different foods were summed to obtain total nutrient and energy intakes. Total alcohol intake was calculated by using separate questions on the consumption of beer, wine, and spirits.
Assessment of nondietary risk factors
Participants from both studies reported lifestyle factors, medication use, and newly diagnosed diseases on mailed questionnaires every 2 years. Height and parental history of myocardial infarction before the age of 60 years were ascertained in 1986 in men and in 1976 in women. Weight, physical activity, cigarette smoking (including past smoking and number of cigarettes per day), and physician-diagnosed hypertension and high cholesterol were ascertained biennially. Self-reports of the last 2 diagnoses were found to be accurate compared with medical records (9) . Weight and height were used to calculate body mass index (weight (kg)/height (m) 2 ). A validated physical activity questionnaire was first used in 1986 and included in all questionnaires thereafter. Physical activity responses were transformed to weekly metabolic equivalents (10, 11) . Regular aspirin use (in men and women), as well as the use of postmenopausal hormone therapy, multivitamins, and vitamin E supplements (in women), was assessed every 2 years.
Information on angina, percutaneous coronary angioplasty, and coronary artery bypass grafting surgery was based on unconfirmed self-reports because these have been shown to have high validity in the Nurses' Health Study (9) . Information on stroke was confirmed through medical record review if the abstracted information met the criteria of the National Survey of Stroke (12) . Self-reports of diabetes were confirmed on the basis of information from a supplementary questionnaire by using National Diabetes Data Group diagnostic criteria (13, 14) .
Outcome assessment CHD deaths and nonfatal myocardial infarctions occurring between the return of the baseline questionnaire and 2008 were classified as CHD. Medical record review for confirmation of nonfatal myocardial infarction cases was conducted by physicians who were unaware of the self-reported risk-factor status. Diagnoses were confirmed by using World Health Organization criteria, supplemented after 1998 by guidelines accounting for troponin measurements.
Deaths were ascertained from relatives, postal authorities, or the National Death Index, and the cause of death was classified by using medical records, death certificates, and autopsies (15) . CHD deaths were confirmed according to autopsy findings or medical records following criteria for definite fatal myocardial infarction, or when CHD was listed as a cause of death in persons with confirmed CHD and there was no other plausible cause of death. In addition to confirmed CHD deaths, we included deaths in which CHD was listed as the underlying cause but no records were available, as well as sudden deaths with no plausible cause other than CHD.
Hypothetical interventions on fish consumption
We estimated the 18-year risks (in men) and the 22-year risks (in women) of total, nonfatal, and fatal CHD had everyone's fish intake throughout the follow-up been changed to 1 of the following interventions: 1) 0 servings/week, 2) at least 1 serving/week, 3) at least 2 servings/week, 4) at least 3 servings/week, or 5) at least 5 servings/week. We also considered "isocaloric" interventions in which red meat intake was replaced by fish intake to attain 1 of the following serving amounts, which are numbered continuously from the previous list of interventions: 6) at least 1 serving/week, 7) at least 2 servings/week, 8) at least 3 servings/week, and 9) at least 5 servings/week. These 9 hypothetical interventions are "threshold interventions" (16) . At each 4-year interval, fish intake is increased to the threshold (e.g., 2 servings/week under intervention 3) in those individuals who eat fewer fish servings than the threshold; fish intake is not changed in those who meet or exceed the threshold (e.g., those who eat at least 2 servings/week). For example, under intervention 7, fish intake of an individual consuming 1.5 servings/week is increased to 2 servings/week, and red meat consumption is reduced by 0.5 servings/week. For individuals with fish intake below the threshold, fish intake is increased to the threshold unless they reported neither fish nor red meat intake. By using these interventions, we effectively assume that different types of fish and red meat, as well as cooking methods, will produce similar effects (17, 18) 
Statistical methods
The parametric g-formula, a generalization of standardization for time-varying exposures and confounders (5, 6), can be used to estimate the standardized risk of CHD under hypothetical interventions. Briefly, the standardized risk is a weighted average of the risks conditional on the specified exposure history and the observed confounder history with the probability density functions of the time-varying confounders as weights. For computational reasons, the weighted average is approximated through a Monte Carlo simulation. The parametric g-formula has been previously applied to estimate the effects of various interventions on the risk of CHD (5, 19) , diabetes (20) , and clinical outcomes in human immunodeficiency virus-infected patients (21) . As in previous applications, our estimator adjusts for informative censoring and takes into account the presence of competing risks by non-CHD deaths (22) .
The probability density functions of outcome, exposure, and confounders were estimated via regression models. Pooled logistic and linear regressions (with normal distribution for the errors) were used to estimate the distribution of dichotomous and continuous variables, respectively. All regression models included the time-varying data on smoking history; physical activity; body mass index; alcohol intake and aspirin use; newly diagnosed hypertension, hypercholesterolemia, diabetes, angina, stroke and coronary artery bypass grafting; and meat, fish, energy, trans-fat, and cereal fiber intakes. Analyses in women were additionally adjusted for menopausal status, hormone replacement therapy, and vitamin E and multivitamin use. History was assumed to constitute the most recent measurement (in men) or the 2 most recent measurements (in women) of these time-varying risk factors.
All models also included baseline age, period of followup, parental history of myocardial infarction before age 60 years, smoking, and baseline values of all time-varying covariates. When a time-varying covariate was not assessed in all 2-year periods (e.g., dietary variables), only the baseline and most recent measurements were included in the models together with a product term between the most recent measurement and the time since that measurement. The functional form used for each covariate and parameter estimates from all models are listed in the Web Appendix available at http://aje.oxfordjournals.org/.
We conducted a Monte Carlo simulation of 10,000 individuals (Web Figure 1) . Baseline covariate values were assigned by using the empirical distribution. Time-varying values for each 2-year interval were drawn from the distribution estimated via the regression models after setting fish intake to the value specified by the intervention. Dichotomous risk factors were assigned a value of 1 if the predicted probability was greater than a random number drawn from a uniform distribution; continuous risk factors were the predicted value plus the standard error multiplied by a random number drawn from a normal (0, 1) distribution. Simulated continuous values were truncated so they did not fall outside the observed range.
For each intervention, we estimated the CHD risk, the population risk ratio with the risk under no intervention as the reference, and the risk ratio with the risk under no fish intake as the reference. If the assumptions of no unmeasured confounding, no model misspecification, and no measurement error nearly hold, our estimates can be interpreted as arising from a randomized experiment in which participants were randomly assigned and adhered to the above interventions.
We used a nonparametric bootstrap procedure based on 500 samples to obtain percentile-based 95% confidence intervals. To assess the possibility of model extrapolation, we estimated the proportion of individuals who would need to change their fish intakes at some point during the follow-up to reach the intervention threshold and the average proportion of individuals who would need to change their fish intakes in a single 2-year period after having been above the threshold in previous periods. To assess model misspecification, we compared the observed means of all time-varying variables with the model-based predicted means under no intervention on fish or meat (Web Figure 2) . For comparison purposes, we also fit conventional pooled logistic models to estimate the association between fish intake and CHD risk in 2-year intervals (Web Tables 1 and 2 ).
RESULTS

Men
At baseline, the average age of male participants was 56.5 (standard deviation, 9.3) years; 7% were smokers; mean physical activity was 7.3 hours/week; and average alcohol intake and fish consumption were 10.1 g/day and 2.4 servings/week, respectively (Table 1) . Of 25,797 eligible men, 1,865 had incident total CHD, 1,011 had nonfatal CHD, 928 had fatal CHD, 3,536 were lost to follow-up, and 3,456 died from causes other than CHD. The observed 18-year risks of total CHD, nonfatal CHD, and fatal CHD were 7.7%, 4.1%, and 3.9%, respectively. The corresponding estimated risks under no intervention on actual fish intake were 7.9%, 4.3%, and 4.1%. We estimated CHD population risk ratios with the risk under no fish intervention (no changes in fish consumption from the observed) as the reference and risk ratios with the risk under an intervention in which no one consumes fish as the reference (Table 2) .
Overall, CHD risk did not decrease with increasing fish consumption. The risk ratio for total CHD comparing the risk had everyone consumed at least 2 servings/week (the current dietary recommendation) compared with the risk had no one consumed fish during the follow-up was 1.03 (95% CI: 0.90, 1.15). For interventions that increased fish intake to more than 2 servings/week, the risk ratio was above 1, in particular for nonfatal CHD. The risk ratio estimates did not materially change when we estimated the effects of increasing fish consumption in place of red meat (Table 2) and after stratification by baseline fish intake (data not shown).
Women
The average age of female participants at baseline was 52.1 (standard deviation, 7.1) years; 21% were smokers; mean physical activity was 1.9 hours/week; and alcohol intake and fish consumption were 6.4 g/day and 2.1 servings/week, respectively (Table 1) . Fifty-five percent of women were postmenopausal and 17% used hormone replacement therapy. Among 53,772 women, there were 1,891 incident total CHD cases, 1,145 nonfatal CHD cases, 823 fatal CHD cases, 5,101 participants lost to follow-up, and 6,110 deaths from causes other than CHD. The observed 22-year risks of total, nonfatal, and fatal CHD were 3.7%, 2.2%, and 1.6%, respectively. The corresponding estimated risks under no fish intervention (no changes in fish consumption from the observed) were 3.9%, 2.3%, and 1.7%. We estimated population risk ratios and risk ratios for CHD (Table 3) .
In contrast to men, women had decreased risk estimates with greater fish consumption. Compared with no fish intake, the risk ratio for at least 2 servings/week was 0.87 (95% CI: 0.76, 0.98) for total CHD, 0.88 (95% CI: 0.74, 1.07) for nonfatal CHD, and 0.80 (95% CI: 0.65, 0.97) for fatal CHD. For fatal CHD, the risk ratio was further lowered to 0.73 (95% CI: 0.57, 0.94) for increases in consumption to at least 3 servings/week and 0.66 (95% CI: 0.37, 0.09) for increases in consumption to at least 5 servings/week.
In analyses stratified by baseline fish intake, the risk ratio for at least 2 servings/week compared with no fish intake was 0.81 (95% CI: 0.67, 0.96) among women who consumed less than 2 servings/week in 1984 and 1.03 (95% CI: 0.81, 1.29) among women who reported at least 2 servings/week in 1984 (P for heterogeneity = 0.12). The risk ratio estimates did not materially change for joint interventions on fish consumption and aspirin use (data not shown) or for interventions that replaced red meat with fish (Table 3) . Table 4 presents the proportions of men and women who would have been required to change their observed fish and meat intakes to adhere to our hypothetical interventions. For example, increasing to at least 2 servings of fish required an intervention in 90% of men and 94% of women at some point during the follow-up. Among those adhering to the intervention in the past, 46% of men and women would have had to change their current diets to keep consuming at least 2 servings of fish per week. Web Figures 2 and 3 show that the predicted means under no intervention were similar to the observed means for all time-varying variables.
Sensitivity analyses
The above effect estimates did not materially change in any of the following situations: 1) when we modeled dietary variables by using restricted cubic splines with 3-4 knots at different locations; 2) when we modeled fish intake by using a 2-stage procedure that first estimated the probability of non-0 fish intake and then fit a linear regression only among fish consumers (in women) or as a continuous variable (in men); 3) when we further adjusted for a baseline healthy behavior score (regular multivitamin use, routine physical examinations, and rectal examination or mammography and sigmoidoscopy/colonoscopy for screening); and 4) when we changed the order of the modeling strategy for concurrently measured variables. Data on fish intake were missing in 8% of the eligible periods in the Health Professionals FollowUp Study and 4.8% of the eligible periods in the Nurses' Health Study. In those cases, we carried forward the value from the previous dietary questionnaire. Censoring at first missing fish intake resulted in similar estimates (data not shown). The estimates from conventional pooled logistic models were qualitatively similar to ours, though conventional estimates for men were further from the null (Web Tables 1 and 2 ).
DISCUSSION
No randomized trial has directly evaluated the effect of fish intake on the primary prevention of CHD risk in a relatively healthy population over a long period. We emulated such a trial by using observational data and estimated a 15% reduction in CHD risk among women, but not men, for a change in midlife to sustained consumption of 2 or more servings of fish per week compared with no fish consumption over a 22-year period.
ω-3 PUFAs from fish may have antiarrhythmic (23, 24) and antiinflammatory (25) actions, as well as beneficial effects on circulating lipids, inflammation, vascular resistance, and blood pressure (1) . Effects of ω-3 PUFA supplements (but not fish consumption) on secondary prevention of CHD have been evaluated in several randomized trials of relatively short duration (median, 2.4 years). A meta-analysis (2) of these trials that included 3,480 cases estimated that ω-3 PUFAS reduce the risk of cardiovascular mortality by 9%. In contrast to our study, trials have been conducted in high-risk populations, especially in patients with preexisting cardiovascular disease. The recent Alpha Omega Trial (671 cases) (26) conducted in the Netherlands among individuals who had prior myocardial infarctions found that the consumption of margarines supplemented with <400 mg of ω-3 PUFAs had no effect on cardiovascular mortality compared with margarines containing no ω-3 PUFAs. The hazard ratios were 0.98 (95% CI: 0.72, 1.33) overall, 1.06 (95% CI: 0.89, 1.25) for men, and 0.82 (95% CI: 0.58, 1.16) for women. The average Dutch diet is high in ω-3 PUFAs from both plant and animal sources (27) . The only randomized trial that has estimated the effect of ω-3 PUFAs on CHD risk found a hazard ratio for CHD of 0.81 (95% CI: 0.69, 0.95) for ω-3 PUFAs (1,800 mg/day, which is roughly equivalent to 1 serving of fatty fish daily) plus statins versus statins alone in a hypercholesterolemic population (69% women) (28) . The hazard ratios were 0.87 (95% CI: 0.68, 1.13) for women and 0.76 (95% CI: 0.62, 0.94) for men.
Observational studies have compared the CHD rates among individuals reporting different levels of fish consumption. In previous analyses, the CHD hazard ratios for individuals who consumed >5 servings/week versus those who consumed <1 serving/month were 0.69 (95% CI: 0.52, (30) . In contrast, a meta-analysis (4) of 13 prospective cohorts based on 222,364 individuals estimated that the CHD mortality hazard ratio was 0.62 (95% CI: 0.46, 0.82) for those who consumed 5 servings/week versus <1 serving/month and found no differences by sex, with mortality hazard ratios of 0.65 (95% CI: 0.46, 0.92) for men and 0.55 (95% CI: 0.33, 0.91) for women.
None of these observational analyses attempted to estimate the effects of fish interventions starting in middle age or later, which are arguably the most relevant effects to assess the comparative effectiveness of preventive measures in adults who may or may not have previously followed public health recommendations. Our g-formula analysis differs from previous observational analyses in that it estimates the effects of dietary changes in adults in mid-and later life, while appropriately adjusting for measured time-dependent confounders (31) . However, as in all observational studies, the validity of our estimates relies on the assumption of no unmeasured confounding, requires that the exposures and important confounders are correctly measured, and requires that all models are correctly specified.
Measurement bias may be of concern in these analyses because the true between-person variation of dietary change may be less than the within-person variation because of measurement error. Dietary change can be particularly challenging to quantify because it is affected by measurement error at both points in time. However, we have previously shown that our dietary questionnaire is sensitive enough to detect changes in fish and red meat intakes after cardiometabolic diagnoses (32) . Also, our sensitivity analyses showed that our estimates were robust to various modeling decisions, and our models closely reproduce the observed data, which suggests the absence of gross model misspecification under no intervention.
The difference in our effect estimates in men and women could be consistent with a lack of beneficial effect of fish intake in men. Alternatively, the men in the Health Professionals Follow-Up Study cohort may have been more focused on preventing cardiovascular disease than were women and, thus, more likely to make dietary changes in the presence of slightly elevated blood pressure and serum glucose and lipid levels. Such "heart healthy" behaviors may be imperfectly captured in our data, which would result in upward biased estimates due to residual confounding.
In summary, we estimated that an increase in fish intake starting in mid-or later life reduces the risk of CHD in women but not in men. The parametric g-formula allowed us to explicitly specify hypothetical interventions to evaluate the effectiveness of dietary changes over long periods. 
